Abstract: Coral communities display spatial patterns. These patterns can manifest along a coastline as well as across the continental shelf due to ecological interactions and environmental gradients. Several abiotic surrogates for environmental variables are hypothesised to structure high-latitude coral communities in South Africa along and across its narrow shelf and were investigated using a correlative approach that considered spatial autocorrelation. Surveys of sessile communities were conducted on 17 reefs and related to depth, distance to high tide, distance to the continental shelf edge and to submarine canyons. All four environmental variables were found to correlate significantly with community composition, even after the effects of space were removed. The environmental variables accounted for 13% of the variation in communities; 77% of this variation was spatially structured. Spatially structured environmental variation unrelated to the environmental variables accounted for 39% of the community variation. The Northern Reef Complex appears to be less affected by oceanic factors and may undergo less temperature variability than the Central and Southern Complexes; the first is mentioned because it had the lowest canyon effect and was furthest from the continental shelf, whilst the latter complexes had the highest canyon effects and were closest to the shelf edge. These characteristics may be responsible for the spatial differences in the coral communities.
Introduction
The high-latitude coral-dominated reefs of South Africa are unique and biodiverse systems. Despite their marginal location and small spatial extent, their significant biodiversity, ecosystem service benefits, and the revenue they generate from tourism has afforded them protection and World Heritage Site Status (Laing et al. 2019a [1] , b [2] ). They are the southern-most coral reefs on the east African coast and cover an area of~40 km 2 in the Maputaland region of the KwaZulu-Natal political province (Schleyer, 2000 [3] ).
The biological characteristics and functioning of the Maputaland reefs have been reviewed by Schleyer et al. (2018 [4] ). They are not typical accretive coral reefs, as the coral communities flourish atop of submerged fossil dunes with no net accretion. At least 39 species of soft corals and 93 species of hard corals have been recorded (Celliers and Schleyer, 2008 [5] ). Algae, sponges, and ascidians make subordinate contributions to community structure but, together with mobile invertebrates, play a significant role in contributing to the reefs' exceptionally high levels of biodiversity (Monniot et al. 2001 [6] ; Anderson et al. 2005 [7] ; Schleyer and Celliers, 2003a [8] , 2005 [9] ; Samaai et al. 2005 [10] ; Milne and Griffiths, 2014 [11] ). Fish diversity is also relatively high, largely due to a high proportion of tropical species with a few temperate species (Chater et al. 1993 [12] ; Floros et al. 2012 [13] ).
The coral reef communities of the region have been studied in detail by Schleyer and Porter (2018 [14] ). Soft corals generally dominate the living cover at~32% and exceed scleractinian cover at~27% (Celliers and Schleyer, 2008 [5] ). At least 42 reef communities can be recognized; most are characterised by different species of soft and hard coral, but some are characterised by ascidians or various algae or sponge species (Schleyer and Porter, 2018 [14] ). Coral communities flourish at this high latitude because of the warm clear waters resulting from mixing of tropical Mozambique and South East Madagascar currents, the characteristically narrow continental shelf, and the absence of riverine input (Porter et al. 2017a [15] ). They have been relatively unaffected by climate-related coral bleaching (Porter and Schleyer, 2017 [16] ) or disease and are considered almost pristine (Schleyer et al. 2018 [4] ). They are furthermore adapted to the high levels of turbulence that occur on these high-latitude reefs (Schleyer, 2000 [3] ; Schleyer et al. 2018 [4] ). However, investigation of the small-scale ecological determinants of these communities has only recently commenced, and there are questions about the relative roles abiotic, biotic, and stochastic processes play in structuring these high-latitude coral communities.
Spatial structuring is an important process underpinning the functioning of communities (Legendre, 1993 [17] ). The distributions of organisms result from their spatial dependence (spatial autocorrelation) due to biotic processes, such as dispersal and reproductive capabilities and modes, mortality, and predation, or are a function of the dependence of organisms on several explanatory variables which are themselves spatially structured-or a combination of both (Legendre and Legendre, 1998 [18] ). The relative roles of these are rarely determined for reef communities but are worthy of consideration as the spatial heterogeneity displayed by communities is not the result of purely stochastic generating processes.
At small spatial scales, abiotic determinants of community structure on reefs in the region appear to be directly related to sand inundation dynamics and reef physiognomy, but they also correspond well with surrogates for several environmental variables such as depth and latitude, which are unlikely to be direct drivers of reef community composition (Schleyer and Celliers, 2003b [19] ; Porter et al. 2017a [15] , b [20] ; Schleyer and Porter, 2018 [14] ). In this respect, latitude in particular was found to be a strong predictor of community composition, as reef communities were correlated with it and manifested a differential gradient in composition along the Maputaland coast even though no obvious environmental gradients were detectable at this scale (Porter et al. 2017a [15] ; Schleyer and Porter, 2018 [14] ). A possible explanation for this latitudinal pattern provided by Schleyer and Porter (2018 [14] ) was the low genetic connectivity and relatively high levels of self-seeding that characterise these reefs, which has been revealed in two hard coral species (Acropora austera and Platygyra daedalea; Montoya-Maya et al. 2016 [21] ). Furthermore, evidence of limited dispersal in A. austera has been demonstrated with genetic spatial autocorrelation prevalent at scales from 5 to 100 m, indicating non-random larval settlement preferences (Montoya-Maya, 2014 [22] ).
Here, we untangle the relative roles of these processes by considering the spatial structure underlying the coral communities and their potential environmental and spatial determinants across a narrow continental shelf. We used a set of spatial explanatory variables to accomplish this, as well as four environmental surrogates for direct drivers that potentially influence coral community composition in several ways in the region over scales of 1-10 s of kilometres. Distance to the high-tide mark was included as the role of sand inundation and abrasion is likely to become increasingly important closer to the shore (Mitchell et al. 2005 [23] ; Porter et al. 2017b [20] ) and because groundwater from the Maputaland Aquifer and several coastal lakes is known to leach through the sandy coastal belt and dunes, thereby influencing salinity, dissolved nutrients, and pollutant levels (Meyer et al. 2001 [24] ; Smithers et al. 2017 [25] ; Porter et al. 2018a [26] ). The distance to the continental shelf edge was included as another potential surrogate for drivers of community composition, as the region is typified by an extremely narrow shelf and is therefore influenced by the offshore oceanography, particularly when eddies move down the Mozambique Channel, altering current dynamics and causing temperatures to rapidly increase or decrease (Morris et al. 2013 [27] ; Porter and Schleyer, 2017 [16] ). The shelf edge in the region is also characterised by 11 submarine canyons of varying size, which have been implicated in sporadic funnelling of cooler, slightly enriched water onto some of the reefs (Ramsay, 1994 [28] ; Riegl and Piller, 2003 [29] ; Green, 2009 [30] ; Morris et al. 2009 [31] ). We therefore included the influence of canyons in our models as a potential surrogate for cold-water upwelling and temperature variability (Riegl, 2003 [32] ). Lastly, depth was included, as it is well-recognised as an important surrogate for direct drivers of reef community composition, such as wave action and light penetration (Porter et al. 2017a [15] ; Schleyer and Porter, 2018 [14] ), and because it was important to distinguish the potential effects of depth from the other surrogates with which it may have been auto-correlated.
In order to advance understanding on the structuring of high-latitude coral communities in the region, this study aims to (i) assess the relative importance of several potential regional-scale drivers of coral community composition that display gradients across the continental shelf, and (ii) quantify the extent to which spatial variation accounts for the variation in coral communities that is independent of these potential environmental drivers.
Materials and Methods

Study Area
The Maputaland reefs are located in the southwestern Indian Ocean, in its Delagoa Bioregion (Porter et al. 2013 [33] ). They are non-accretive reefs composed of aeolinite beachrock derived from a submerged dune system (Ramsay and Mason, 1990 [34] ). The reefs lie parallel to the shore and are distributed in three main areas, commonly referred to as reef complexes (Schleyer, 2000 [3] ; Schleyer et al. 2018 [4] ) (Figure 1 ). The oceanographic characteristics of this bioregion and the reasons coral communities flourish in it have been investigated by Porter et al. (2017a [15] ). The reefs are bathed by warm oceanic waters from the confluence of the Mozambique and Southeast Madagascar currents that result in average temperatures of 24.4 • C (Porter and Schleyer, 2017 [16] ). The extremely narrow (<3 km) continental shelf facilitates the intrusion of oceanic water which, together with the lack of riverine input, results in oligotrophic waters low in turbidity, chlorophyll, and nutrients (Porter et al. 2017a [15] ). The shelf edge is broken by a total of 11 submarine canyons of varying age and size (Ramsay, 1994 [28] ). The shelf edge and canyons interact regularly with large southward moving eddies (Morris et al. 2013 [27] ). The physical characteristics of the reefs themselves have been described in detail by Schleyer and Porter (2018 [14] ).
On the shallower inshore western side of the reefs, frequent sand movement facilitated by large swells plays a key disturbance role that regulates communities (Porter et al. 2017a [15] , b [20] ; Schleyer et al. 2018 [4] ). The westward land boundary is characterised by a sandy coastal plain with extensive lakes and wetlands, which are separated from the reefs by a narrow dune cordon (Grundling et al. 2013 [35] ). These wetland lakes leach freshwater and dissolve nutrients and pollutants into the coastal zone (Meyer et al. 2001 [24] ; Smithers et al. 2017 [25] ; Porter et al. 2018a [26] ). The reefs are therefore wedged between two contrasting and dynamic disturbance regimes across the narrow shelf-a dynamic coastal environment on their west side and a fluctuating oceanic environment on their east side. On the shallower inshore western side of the reefs, frequent sand movement facilitated by large swells plays a key disturbance role that regulates communities (Porter et al. 2017a [15] , b [20] ; Schleyer et al. 2018 [4] ). The westward land boundary is characterised by a sandy coastal plain with extensive lakes and wetlands, which are separated from the reefs by a narrow dune cordon (Grundling et al. 2013 [35] ). These wetland lakes leach freshwater and dissolve nutrients and pollutants into the coastal zone (Meyer et al. 2001 [24] ; Smithers et al. 2017 [25] ; Porter et al. 2018a [26] ). The reefs are therefore wedged between two contrasting and dynamic disturbance regimes across the narrow shelf-a dynamic coastal environment on their west side and a fluctuating oceanic environment on their east side.
Reef Community and Environmental Data
Reef Community Surveys
Surveys of the Maputaland reefs were undertaken over a six-year period from 1999 to 2005 at haphazardly chosen sites so that there was no bias or correlation between time and latitude or location. [38] ). As there are no significant rivers in the region and the reefs are relatively deep (>12 m), there were no major siltation, rain inundation, storm events, or any discernible effects on communities in the region during the six-year sampling period.
The specifics of these surveys are detailed by Schleyer and Porter (2018 [14] ), but sites within all three reef complexes were surveyed along the coast from −26.9 • to −27.8 • (Figure 1 and Electronic Supplementary Material 1). In brief, coral communities were surveyed along haphazardly-placed transects using a modified quadrat and rapid photographic technique with a digital camera whilst on SCUBA (English et al. 1994 [39] ; Celliers and Schleyer, 2002 [37] ). A spacer bar was attached to the camera, and high-resolution, vertically-orientated photo-quadrat images of 0.35 m 2 were recorded of the reef at regular intervals along transects. Sample size and resolution were increased using a subsampling strategy that combined the data from at least 20 (average 23.5) consecutive photo-quadrat frames to provide an individual transect for analysis (Schleyer and Celliers, 2005 [9] ). A total of 419 georeferenced transects were surveyed across 17 reefs in the region, thus providing 9860 photo-quadrats for analysis.
Data on the benthic composition of the reefs were extracted from each photo-quadrat image using a regular grid of points (Carleton and Done, 1995 [40] ). Ten fixed and evenly distributed grid points were superimposed onto each photo-quadrat, and the benthos or substratum beneath each point was identified to species (if possible) or taxon. The number of intercepts in each taxonomic or substratum category was considered to be directly proportional to the planar area covered by that particular category within each quadrat, thereby allowing the calculation of percentage cover at the quadrat level. The community composition data utilised in these analyses are documented in fine scale by Schleyer and Porter (2018 [14] ) and consisted primarily of soft and hard corals as well as turf algal communities.
Environmental Variables Associated with Reef Communities
Four environmental explanatory variables and a set of spatial explanatory variables (parameters) were considered in models. The environmental variables can be considered surrogates for several abiotic variables as they are not direct drivers of species distributions. Rather, they act as surrogates for other variables that are assumed to, or are known to, directly or indirectly influence reef organisms. For example, depth is not a direct driver but acts as a surrogate for light attenuation and wave action.
The four environmental variables included were depth, the proximity and size of submarine canyons, distance to the high-tide mark, and distance to the shelf edge. The depth of each transect was derived from a spatially interpolated model of a bathymetric grid surveyed using side-scan sonar (see Schleyer and Porter, 2018 [14] ). Distances were calculated between the midpoint of each transect and the high-tide mark and the shelf edge using the v.distance geoalgorithm (GRASS-GIS 7). The high-tide mark shapefile layer was acquired from the Ezemvelo KZN Wildlife Coastal and Marine biodiversity plan (SeaPlan; EKZNW, 2009 [41] ) and provides the maximum height attained during spring high tide in a region where the height between spring and neap tides rarely exceeds 2 m (SAN-HO, 2019 [42] ). The shelf edge shapefile layer was the continental shelf break used in the 2011 South African National Spatial Biodiversity Assessment corresponding to the 100-m depth contour in the region (Harris et al. 2012 [43] ; Sink et al. 2012 [44] ). For the influence of canyons, we derived a repeatable and relative metric called the 'canyon effect' for each transect based on the distance a particular transect was located from each canyon in the region with consideration of the sizes of the canyons. The metric was calculated for each transect as follows, so that canyons that were large and relatively close to transects would have a greater effect than relatively small canyons further away:
where S i is the footprint size of each of the 11 canyons and D i is the distance between a particular transect and each of the 11 canyons. The locations and sizes of the various canyons in the region were obtained from the canyon layer used in the 2018 South African National Biodiversity Assessment. Canyons located more than 50 km either north or south of the northernmost and southernmost transects, respectively, were ignored. All geospatial analyses were conducted with Quantum GIS version 2.18 using the longitude-orientated projected coordinate system with the central meridian set to 33 • and WGS84 as the reference ellipsoid. 
Data Analysis
Reef Communities
The average percentage cover of each taxon or substratum type per transect was calculated based on replicate quadrats as a basis for further statistical analysis. This resulted in a biotic matrix (after removal of substratum type) of 419 rows (transects) by 107 columns (taxa). Relationships among reef communities in the transects were displayed using a non-metric multidimensional scaling ordination based on the Bray-Curtis similarity distance metric. The percentage cover ± standard deviation of each taxon, as well as several functional groups (algae, soft corals, hard corals, ascidians, sponges, and echinoderms) contributing to the total living cover on Maputaland reefs, was then calculated from the 419 transects.
Environmental and Spatial Variables Associated with Reef Communities
Summary statistics for the region and for each of the three reef complexes were calculated for the four environmental variables and two spatial variables, longitude and latitude, based on transects as replicates. Pearson product moment correlations and draftsman plots were also assessed between the environmental and spatial variables to check for multicollinearity and redundancy prior to incorporating them into explanatory models. A principal component analysis was undertaken on the normalised (zero mean and unit variance) environmental and spatial data (longitude and latitude) derived from each transect to visualise the multivariate characteristics associated with transects from the different reef complexes. A second principal component analysis was conducted on the same environmental data, except that a set of spatial parameters (see below) derived from the longitude and latitude coordinates were used instead. This latter analysis was undertaken to provide visualisation of the most important (in terms of their strength) spatial parameters associated with the first two dimensions of the ordination and their relationships with the environmental variables.
Spatial Parameters and Distinguishing them from Environmental Effects
Patterns in reef community composition may result from the dependence of taxa on environmental variables and/or from community-based processes such as competition or recruitment (Dray et al. 2006 [45] ). In order to distinguish between these two types of processes because of spatially-structured environmental variation, it is necessary to explicitly incorporate spatial relationships into models. In regression-type models linking community metrics to a suite of explanatory variables, independence among sampling units may be violated due to spatial autocorrelation resulting in inflated type 1 errors. Spatial autocorrelation is defined by Legendre (1993 [17] ) as the property of random variables taking values at pairs of locations a certain distance apart that are more similar (positive autocorrelation) or less similar (negative autocorrelation) than expected for randomly associated pairs of observations. In our transect data, reef communities in one transect may be influenced by the communities from neighbouring transects due to contagious biological processes. Similarly, environmental variables characterising transects are unlikely to be randomly or uniformly spatially distributed, but they are structured in a manner that results in gradients (e.g., depth) or patchy structures (e.g., locations of reefs).
As such, we mitigated the effects of spatial autocorrelation in our analyses by explicitly incorporating the spatial structure of our data into the modelling procedure. Rather than using a matrix of the third-degree polynomial functions of the geographic coordinates of the transects to account for spatial structure, such as in trend surface analysis (see Borcard et al. 1992 [46]), we employed a different approach appropriate for the irregular and patchy locations of our samples and the potentially complex spatial structure of the environmental variables that influence the reef communities (Scarlett, 1972 [47] ; Legendre and Legendre, 1998 [18] ).
In deriving spatial explanatory variables, we adopted a data-driven approach and used the principle coordinate analysis of neighbour matrices (PCNM) method to account for space in the analysis (Borcard and Legendre, 2002 [48] ; Dray et al. 2006 [45] [45] ). This Euclidian distance matrix was then weighted according to the distances between transects using the function:
where d is the distance between the ith and jth transects. This resulted in a spatial weighting matrix comprising 419 principle coordinate explanatory variables that represented the spatial structures among the 419 transects at all scales. Unlike the original PCNM method developed by Borcard and Legendre (2002 [48] ), the principle coordinates associated with the negative eigenvalues are retained as spatial descriptors (see Dray et al. 2006 [45] ). The multivariate spatial matrix was then further reduced in dimension using a data-driven procedure. This involved selecting an optimal set of eigen vectors for the spatial model based on the corrected Akaike information criterion by comparing the original spatial weights matrix of 419 variables with the species-by-transect matrix (Dray et al. 2006 [45] ). The resulting parsimonious spatial weights matrix consisted of 75 spatial variables (parameters) for incorporation into further analyses.
Environmental and Spatial Effects on Reef Communities
The potential roles of environmental variables and spatial effects in structuring the reef communities were determined using a series of distance-based linear models that allowed us to partition the variability into environmental and spatial categories, as well as according to the four individual environmental variables. The approach used follows that described in Borcard et al. (1992 [46] ), where the spatial component of the ecological variation in communities can be partialled out. In total, three matrices were utilised: Species assemblages at each of the 419 transects (107 × 419), environmental variables (4 × 419), and a spatial weights (75 × 419) matrix derived from the PCNM based on the geographical coordinates of the transects.
Four multivariate distance-based linear models (DISTLM) were constructed from a Bray-Curtis similarity distance matrix of the species assemblages, each constrained by a set of explanatory variables. The procedure implemented by DISTLM is a distance-based redundancy analysis (dbRDA) based on the method of Legendre and Anderson (1999 [49] ), with further refinement by McArdle and Anderson (2001 [50] ). By using a set of environmental explanatory variables and a set of spatial variables, the effects of the environmental variables and the spatial structure that is dependent on them (because of spatially-structured environmental variation) can be isolated by making two canonical ordinations. Consequently, we were able to partition the variation in reef communities according to (Legendre, 1993 [17] ): (1) Non-spatial environmental variation, (2) spatially-structured environmental variation, (3) spatial variation that does not correspond to the environmental variables, and (4) unexplained, non-spatial variation.
Model 1 involved constraining the species matrix using the four environmental variables as predictor variables and employed a step-wise regression selection procedure with 9999 permutations and the adjusted-R 2 value as the selection criteria. Model 2 involved constraining the species matrix by the spatial weights matrix of 75 variables employing the same selection procedure and permutations used in Model 1. Model 3 was similar to Model 1 after removing the effects of space and was thus a partial dbRDA. In Model 3, we fitted the 75 spatial parameters first as a complete group (known as indicator variables in PERMANOVA+ for PRIMER) before the environmental variables were fitted with a step-wise selection procedure. Finally, Model 4 was similar to Model 2 after removing the effects of the four environmental variables. In Model 4, we performed a second partial dbRDA by incorporating the four environmental variables into a group which we fitted first before the 75 spatial parameters were fitted with step-wise selection. Consequently, Models 3 and 4 are partially redundant and can be used to factor in spatial autocorrelation and to partition the variation into environmental and spatial components (Borcard et al. 1992 [46] ).
Marginal tests were included as well as sequential tests in all four models. The amount of variation accounted for by the sequential tests was used to partition variation into spatial and environmental components successively as follows (see Borcard et al. 1992 [46] ): Equation (1) = Non-spatial environmental variation:
Equation (2) = Spatially structured environmental variation:
Equation (3) = Spatial species variation not shared by environmental variables:
Equation (4) = Unexplained variation:
where V i is the amount of variation explained by each of the environmental and or spatial parameters in sequential tests. The overall proportion of explained variation in reef community composition was calculated by summing the cumulative variation derived from the sequential tests of Models 1 and 4 (Borcard et al. 1992 [46] ). The models were viewed using distance-based redundancy analysis (dbRDA) plots. Statistical analyses were conducted in R 3.0.3 (R Core Team, 2018 [51] ), using the packages spdep and tripack, and in PERMANOVA+ for PRIMER, version 7 (Dray et al. 2006 [45] ; Renka and Gebhardt, 2013 [52] ; Anderson et al. 2008 [53] ).
Results
Community Structure and Composition
Corals dominated the Maputaland reefs, with an average ± standard deviation (SD) soft coral percentage cover of 30.4 ± 14.4% and hard coral cover of 22.5 ± 14.7% (Figure 2) . Algae, largely in the form of turf communities, also made a notable contribution, comprising 35.0 ± 16.8% of the living cover. Groups that made minor contributions were the ascidians (4.5 ± 4.7%) and the sponges (2.2 ± 2.8%).
Non-metric multidimentional scaling ordination of the percentage cover of different taxa surveyed in transects did not show distinct groupings into separate reef complexes (Figure 3 ). There was considerable overlap between communities from the Northern and Central Reef Complexes. The Southern Reef Complex was the most distinct with relatively less overlap compared to the Northern and Central Reef Complexes. Several species of Sinularia, especially S. abrupta (3.4 ± 3.9%), in addition to Sarcophyton spp. (3.6 ± 3.9%) and Lobophytum spp. (1.3 ± 2.0%) contributed most to the overall percentage cover of soft corals (Figure 4) . Montipora spp. (5.5 ± 5.4%), Echinopora gemmacea (1.7 ± 3.9%), Acropora austera (1.5 ± 4.0%), and Favites spp. (1.5 ± 1.3%) were the main taxa contributing to the cover of hard corals. The solitary ascidian Polycarpa mytiligera (2.5 ± 3.5%) also made a notable contribution to the total living cover. Several species of Sinularia, especially S. abrupta (3.4 ± 3.9%), in addition to Sarcophyton spp. (3.6 ± 3.9%) and Lobophytum spp. (1.3 ± 2.0%) contributed most to the overall percentage cover of soft corals (Figure 4) . Montipora spp. (5.5 ± 5.4%), Echinopora gemmacea (1.7 ± 3.9%), Acropora austera (1.5 ± 4.0%), and Favites spp. (1.5 ± 1.3%) were the main taxa contributing to the cover of hard corals. The solitary ascidian Polycarpa mytiligera (2.5 ± 3.5%) also made a notable contribution to the total living cover. Several species of Sinularia, especially S. abrupta (3.4 ± 3.9%), in addition to Sarcophyton spp. (3.6 ± 3.9%) and Lobophytum spp. (1.3 ± 2.0%) contributed most to the overall percentage cover of soft corals (Figure 4) . Montipora spp. (5.5 ± 5.4%), Echinopora gemmacea (1.7 ± 3.9%), Acropora austera (1.5 ± 4.0%), and Favites spp. (1.5 ± 1.3%) were the main taxa contributing to the cover of hard corals. The solitary ascidian Polycarpa mytiligera (2.5 ± 3.5%) also made a notable contribution to the total living cover. 
Environmental and Spatial Characteristics of Reef Transects
The average ± standard deviation of the canyon effect was highest for the Central Reef Complex (5,616 ± 2,181) and lowest for the Northern Reef Complex (812 ± 88) ( Table 1 ). The maximum canyon effect values showed a similar pattern, being lowest in the Northern Reef Complex (907) and highest in the Central Reef Complex (9842). The average depths of the reef complexes were similar, as were the average distances they were located from the high-tide mark on land (no reefs break the surface). The 
The average ± standard deviation of the canyon effect was highest for the Central Reef Complex (5616 ± 2181) and lowest for the Northern Reef Complex (812 ± 88) ( Table 1) . The maximum canyon effect values showed a similar pattern, being lowest in the Northern Reef Complex (907) and highest in the Central Reef Complex (9842). The average depths of the reef complexes were similar, as were the average distances they were located from the high-tide mark on land (no reefs break the surface). The average distance to the shelf edge was similar between the Central (2445 ± 411 m) and Southern (2624 ± 466 m) Reef Complexes but considerably further away for the Northern Reef Complex (4563 ± 759 m). The reef complexes extended from 2977 to 3086 km southwards from the equator and were found to lie in a north-north-east direction 11 to 33 km west of 33 • .
Exploratory correlation analyses between all pairs of environmental variables revealed limited autocorrelation between them. Pearson correlation coefficients were ≤0.75 indicating negligible redundancy and suitability for incorporation into multivariate models (ESM 3) (Anderson et al. 2008 [53] ). Longitude and latitude were, however, strongly correlated (r = 0.99).
Principle components analysis based on the environmental variables and the two spatial variables longitude and latitude indicated a clear distinction between transects from the Northern Reef Complex and transects from the Central and Southern Reef Complexes, which formed a separate group. There was clear separation between these two groupings on principal component (PC) 1 (y-axis) according to their locations (both latitude and longitude) and distances from shelf edge and the canyon effect ( Figure 5 and Table 2 ). Within each of the three complexes, transects separated out on PC 2 (x-axis) largely due to their depth and, to a lesser degree, their distance from the high tide mark. Together, principal components 1 and 2 accounted for the majority of variation (78.8%). When the same analysis was conducted with the 75 spatial parameters derived from the latitude and longitude variables, far less variation could be accounted for in the first two dimensions of the principal components analysis (ESM 4, Figure S1 ). The Northern Reef Complex again separated out from the Central and Southern Reef Complexes, but the inclusion of a set of spatial parameters resulted in further dispersion of the transects in general in all three complexes. Spatial parameter S 1 demonstrated the strongest eigenvector with PC 1 (0.264) and was highly positively correlated with both longitude (r = 0.54) and latitude (r = 0.52), as was S 5 (ESM 4, Figure S2 ). Spatial parameter S 6 had the strongest eigenvector on PC 2 (0.416) and exhibited modest negative correlations with both longitude (r = −0.19) and latitude (−0.17). 
Environmental and Spatial Effects on Reef Communities
Marginal tests of the individual environmental variables (Model 1) indicated that all four accounted for significant amounts of variation in reef communities (P < 0.0005) ( Table 3) . Depth and distance to high tide accounted for most of the variation, followed by distance to shelf edge and the canyon effect. Sequential tests indicated that a total of 13.8% of the community structure could be explained by the environmental variables, with all four variables contributing significant effects (P < 0.0005) ( Table 3 ). The distance-based redundancy analysis (dbRDA) ordination of the first two axes accounted for 80% of the fitted variation (11% of the total variation) ( Figure 6 ). There was strong separation in community structure along a depth gradient as well as distance to shelf edge on axis 1; the similar seperation occurred with distance to high tide on axis 2. Significant P-values are indicated in bold (α = 0.01). Adj. R 2 = Adjusted R 2 . SS(Trace) = Sums of squares of trace statistic. FPseudo = Pseudo F-statistic. P(perm) = Probability value by permutation. Res. df = Residual degrees of freedom. Marginal tests of the 75 spatial parameters (Model 2) indicated significant correlation for many of them with reef community structure (P < 0.01), with the top five each accounting for 2.5-4.5% of community variation (ESM 5, Table S1 ). Sequential tests of the spatial parameters revealed that S5, S2, and S1 accounted for most (11.5%) of the cumulative variation in reef community composition and were significantly correlated with it (P < 0.0005) (ESM 5, Table S2 ). The total explained cumulative variation was 50.2%. The dbRDA ordination of the first two axes accounted for 59% of the fitted variation (30% of the total variation) (ESM 6, Figure S1 ). There was strong separation in community structure according to S5, as well as S1 on axis 1 and S2 on axis 2.
Marginal tests of the first partial model (Model 3) confirmed the results of Models 1 and 2 (ESM 7, Table S1 ). Sequential tests investigating non-spatially structured environmental variation indicated that all four environmental variables were significantly correlated with community composition after the effects of space were removed (P < 0.0005) ( Table 4) . In this regard, depth followed by distance to high tide accounted for most of the non-spatially structured environmental variation correlated with reef communities out of the four environmental variables investigated. In total, the non-spatial Marginal tests of the 75 spatial parameters (Model 2) indicated significant correlation for many of them with reef community structure (P < 0.01), with the top five each accounting for 2.5-4.5% of community variation (ESM 5, Table S1 ). Sequential tests of the spatial parameters revealed that S 5 , S 2 , and S 1 accounted for most (11.5%) of the cumulative variation in reef community composition and were significantly correlated with it (P < 0.0005) (ESM 5, Table S2 ). The total explained cumulative variation was 50.2%. The dbRDA ordination of the first two axes accounted for 59% of the fitted variation (30% of the total variation) (ESM 6, Figure S1 ). There was strong separation in community structure according to S 5 , as well as S 1 on axis 1 and S 2 on axis 2.
Marginal tests of the first partial model (Model 3) confirmed the results of Models 1 and 2 (ESM 7, Table S1 ). Sequential tests investigating non-spatially structured environmental variation indicated that all four environmental variables were significantly correlated with community composition after the effects of space were removed (P < 0.0005) ( Table 4) . In this regard, depth followed by distance to high tide accounted for most of the non-spatially structured environmental variation correlated with reef communities out of the four environmental variables investigated. In total, the non-spatial component of the four environmental variables explained 3% of the total variation in reef communities. The dbRDA ordination of the first two axes accounted for 57% of the fitted variation (30% of the total variation) (Figure 7a ). There was strong separation in community structure according to depth as well as distance to shelf edge and, to a lesser degree, the canyon effect on axis 1; the similar seperation occurred with distance to high tide and depth on axis 2. Significant P-values are indicated in bold (α = 0.01). Adj. R 2 = Adjusted R 2 . SS (Trace) = Sums of squares of trace statistic. F Pseudo = Pseudo F-statistic. P (perm) = Probability value by permutation. Res. df = Residual degrees of freedom. Regr. df = Regression degrees of freedom.
Marginal tests of the second partial model (Model 4), confirmed the results of Models 1 and 2 (ESM 8, Table S1 ). Sequential tests investigating spatial variation not shared by environmental variation indicated that half of the spatial parameters were significantly correlated with community composition after the effects of the four environmental variables were removed (P < 0.01), with the majority of others being borderline (ESM 8, Table S2 ). In this regard, S 5 followed by S 2 accounted for most of the spatial variation not shared by any of the environmental variables associated with reef community structure and correlated significantly with it (P < 0.0005). In total, the spatial variation not shared by any of the environmental variables explained 39% of the total variation in reef communities. The dbRDA ordination of the first two axes accounted for 57% of the fitted variation (30% of the total variation) and was almost identical in appearance to the dbRDA ordination derived from Model 3 (Figure 7b ). There was strong separation in community structure according to S 5 as well as S 12 on axis 1, and S 5 and S 2 on axis 2.
When the results of the four models were combined, 52% of the total variation in community structure could be accounted for (Figure 8 ). Space accounted for the majority (39%) of the explained variation in reef community structure followed by spatially structured environmental variation (10%) attributable to the four environmental variables investigated. Pure environmental variation (not spatially structured) explained 3% of the total variation in reef communities. 
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Discussion
Summary of Findings
Both soft and hard coral dominated reef communities, comprising 52% of the community composition. The four environmental variables combined accounted for 13% of the variation in coral community composition. Of this variation, 10% was spatially structured. Depth accounted for marginally more variation compared to the other three environmental variables. All of these variables nevertheless correlated significantly with the composition of the coral communities, even when the effects of spatial autocorrelation were accounted for. A large proportion (39%) of the variation in coral communities was accounted for by their spatial location indicating that other ecological processes (environmental and biological) which are spatially structured are playing a role. A total of 48% of the variation in the coral communities could not be accounted for by the environmental and spatial variables incorporated in the models.
Environmental and Spatial Effects
The spatial turnover of reef communities was determined using partial distance-based linear modelling using a set of 75 spatial parameters derived from geographical coordinates that described the spatial pattern exhibited by coral assemblages in the most parsimonious way. The spatial variation that was not related to any of the four environmental variables investigated accounted for approximately 39% of the reef community variation (i.e., 75% of explained variation). This relatively high amount of 'unrelated' spatial variation indicates elevated levels of associated biological processes lacking any form of relationship with the four environmental variables included in the analysis. The unrelated spatial variation could be attributable to spatial patterns in biotic processes such as recruitment, growth (Burn et al. 2018 [54] ), survivorship, predation (Hamman, 2018 [55] ), aggregation of intraspecific planulae and adults (Williams, 1976 [56] ; Goreau et al. 1981 [57] ; Karlson et al. 2007 [58] ), competition for space (Chadwick and Morrow, 2011 [59] ), self-seeding (Miller and Ayre, 2008 [60] ; Gilmour et al. 2009 [61] ), or abiotic variables not investigated that are spatially structured to varying degrees (Kieth et al. 2013 [62] ; Porter et al. 2017a [15] ; Schleyer and Porter, 2018 [14] ).
Significant biological disturbances on these reefs appear to be rare. However, crown-of-thorns starfish (COTS) (Acanthaster planci) outbreaks occurred between 1994-1999 and had acute but very localised effects (Schleyer, 1998 [63] ). Alveopora spp., Montipora spp. and various Favidae were preyed on the most, although some soft corals and sponges were also consumed (Celliers and Schleyer, 2006 [64] ). Several coral diseases occur on the reefs, and, although their prevalence is low (~4% of coral colonies are affected), they may nevertheless exert significant biological pressure (Séré et al. 2012 [65] ; Séré et al. 2015 [66] ). Porites spp., Hydnophora spp., and Pocillopora spp. appear to be the most susceptible genera.
Coral recruitment on these high latitude reefs is known to vary both spatially and temporally (Glassom et al. 2006 [67] ). Recruitment rates vary widely both within and between different reefs, with some reefs exhibiting persistently low levels of recruitment. Patterns of variation are also inconsistent between seasons. Recent genetic analyses of the scleractinians Platygyra daedalea and Acropora austera have found that there is likely to be an important degree of self-seeding in South African populations. High-latitude coral communities are frequently known to be genetically isolated, and the South African coral reefs appear to follow this pattern (Macdonald et al. 2010 [68] ; Montoya-Maya et al. 2016 [21] ). High levels of relatedness have also been found between closely-spaced colonies of A. austera, suggesting that larval dispersal may be limited to tens of metres. The non-random spatial recruitment dynamics that have been shown by Glassom et al. (2006 [67] ) and Hart (2011 [69] ) on these reefs, coupled with the genetic patterns discovered by Montoya-Maya (2014 [22] ), indicate that the coral larvae of P. daedalae and A. austere-and probably other species-settle close to natal or kin colonies. This is likely to be manifested in clustered distributions of colonies that are in turn gradually distributed over the reefs non-randomly, thereby displaying different scales of spatial autocorrelation within reefs as well as across the latitudinal gradient of the three reef complexes.
In addition, the reef organisms and corals themselves may be regulating the spatial structure of the reef communities due to competitive interactions (Sammarco et al. 1985 [70] ; La Barre et al. 1986 [71] ; McCook et al. 2001 [72] ). As these reef communities are dominated by soft corals, which are known to have allelopathic chemicals that facilitate interspecific competitive interactions, they may play a particularly prevalent role in governing what other species of coral grow adjacent to them (Sammarco et al. 1983 [73] ; Changyun et al. 2008 [74] ). This can provide soft corals a competitive advantage over hard corals (Sammarco et al. 1983 [73] ). Besides allelopathic chemicals, coral larvae are also known to have an affinity to settle on crustose coralline algae, which is also likely to result in a measure of relatively fine-scale spatial structure in coral communities (Fabricius and De'ath, 2001 [75] ).
Of the environmental variation that could be explained and related to reef communities, 77% was spatially structured. The shallow reef communities therefore have a measure of spatial dependence on the explanatory abiotic variables we investigated. This is not surprising, since the four environmental variables are stationary and do not change their locations in time-the location of the high-tide mark is temporally fixed, as are the distances between reef communities and the shelf edge and canyons. However, the remaining 23% of the explained environmental variation that was not spatially structured (i.e., pure environmental variation) is most likely due to the variable effect that the four variables may exert over time in structuring reef communities. For example, the magnitude of the canyon effect may vary not only in the distance that a reef community is from a canyon, but in time too, as cold water is only likely to be periodically upwelled and funnelled via canyons onto the shallow reefs during Ekman, veering when the meandering current flows close to the shelf edge (Hsueh and O'Brien, 1971 [76] ; Roberts et al. 2006 [77] ).
Across the shelf, depth accounted for most of the variation in reef community composition, followed by distance to the high-tide mark and shelf edge. The canyon effect played a subordinate role, yet was nevertheless significantly correlated to community composition even when spatial autocorrelation was accounted for, as was the case for all the other explanatory variables investigated. Depth is well known to be a key factor that indirectly influences communities on these marginal reefs in particular, as they are light-limited in winter due to their high-latitude and experience large swells, the effects of both of which diminish with depth (Porter et al. 2017a [15] ; Schleyer et al. 2018 [4] ).
The distance to the high-tide mark is probably a surrogate for gradients of retention and remobilization of sediments, with accompanying increases in disturbance and reduced coral larval settlement. It would also be associated with other factors such as wave reflection, refraction, and energy retention, as well as oceanic influences; it was only weakly correlated with depth (Graus and Macintyre, 1989 [78] ; Birrell et al. 2005 [79] ; Kench and Brander, 2006 [80] ; Porter et al. 2017a [15] , b [20] ). Distance offshore was similarly a key factor in explaining the diversity of coral reef organisms across the relatively wide continental shelf of the Spermonde Archipelago, Indonesia (Cleary et al. 2005 [81] ).
Based on the abiotic characteristics of the three reef complexes, the Northern Complex is probably the most thermally stable as its reefs are furthest from any canyons (i.e., the lowest canyon effect), and are also furthest away from the shelf edge which interacts with warm south-moving eddies and deeper cooler waters (Morris et al. 2013 [27] ). This may explain why relatively temperature-sensitive species such as branched acroporids (e.g., A. austera and Acropora hyacinthus) are more abundant in the Northern Complex compared to the Central and Southern Complexes (McClanahan et al. 2007 [82] ; Schleyer and Porter, 2018 [14] ). Long-term temperature monitoring in the Central Reef Complex has indeed revealed that it is characterised by rapid temperature fluctuations on an hourly basis (Porter and Schleyer, 2017 [16] ). It was, however, impractical to include in-situ or remotely-sensed temperatures in our models due to the large number of transects and their relatively close proximity to each other.
Though the Northern Complex may be the most thermally stable of the three complexes, it is likely to be the warmest, as indicated by the decreasing trend in bleaching index with increased latitude that has been recorded in the region (Porter et al. 2018b [83] ). Nevertheless, bleaching has up to now played only a minor role on these high-latitude reefs, as levels have never been recorded to exceed 10% of the coral or living cover but may promote disease and infection, thereby affecting competitive interactions (Celliers and Schleyer, 2002 [37] ; Séré et al. 2015 [66] ; Porter et al. 2018b [83] ).
Unexplained Variation
The amount of unexplained variation in reef communities is relatively high, but not uncharacteristic of ecological studies, because species abundance data are typically very noisy (Guisan and Zimmermann, 2000 [84] ). These underlying and unexplained processes are at least partly uncorrelated with the set of measured environmental explanatory variables we included and were not totally predictable by any form of spatially structured environmental drivers as far as the 75 spatial parameters we incorporated as synthetic descriptors could explain. It is probable that a large amount of the unexplained variation in community composition is due to a combination of unquantified abiotic and/or biotic variables that have either contemporary or had an historical influence, resulting in spatial structures that have not been captured by the parsimonious model of spatial parameters. For example, several contemporary abiotic characteristics associated with the local reef physiognomy (e.g., slope, aspect, reef susceptibility to sand inundation) are correlated with coral communities to varying degrees and may not fully exhibit spatial structure captured by the spatial parameters (Porter et al. 2017a [15] ; Schleyer and Porter, 2018 [14] ). Furthermore, the spatial parameters were derived from the geographic coordinates of the mid-point along each transect line and may therefore not reflect the spatial scale at which finer-scale processes act.
In addition, a certain amount of unexplained variation may be due to stochastic processes in space and time. An example of this could be the stochastic nature of storm events that result in large amounts of sand abrasion, causing disturbance to communities (Porter et al. 2017a [15] , b [20] ). It is impossible to calculate the amount of unexplained variation that may have been explained by the addition of other environmental variables and spatial parameters, as these are probably due to spatiotemporal stochasticity that cannot be accounted for in deterministic models.
Conclusions
The four environmental variables explained a relatively small amount of the variation (13%) in the coral communities, as most of the variation was attributable to the spatial structure of the coral communities (39%) probably due to other spatially-structured, abiotic processes that were not measured and biotic processes that were not investigated. Nevertheless, both inshore and offshore factors (distance to high tide, distance to shelf edge, and the canyon effect) as well as depth were found to correlate significantly with coral reef community composition. These variables also displayed significant spatial autocorrelation in their associations with reef communities.
The South African coral communities therefore lie between a coastal disturbance regime on their western, inshore side and an oceanic disturbance regime on their eastern side along the shelf edge. The resulting level of disturbance by these processes is unlikely to be spatially and temporally consistent along the Maputaland coast due, in part, to the variable positions of the reefs, and it may demonstrate a north-south gradient of disturbance, which may in turn be manifested as a pronounced latitudinal gradient in coral community structure, as detected by Schleyer and Porter (2018 [14] ). Conceptually, reefs in the Northern Complex appear to be exposed to relatively stable oceanographic conditions compared to reefs further south, but reefs in the Central and Southern Complexes are less likely to experience anomalously warm conditions due to an increased canyon effect and their proximity to the deeper and cooler waters of the shelf edge. This, conversely, would increase volatility in their temperature regime. The net relative effect is that the Northern Complex tends to be warm and stable, whilst the Central and Southern Complexes tend to be cool and unstable.
